Relative motion information, especially relative speed between different input patterns, is required for solving many complex tasks of the visual system, such as depth perception by motion parallax and motion-induced figure0ground segmentation. However, little is known about the neural substrate for processing relative speed information. To explore the neural mechanisms for relative speed, we recorded single-unit responses to relative motion in the primary visual cortex (area V1) of rhesus monkeys while presenting sets of random-dot arrays moving at different speeds. We found that most V1 neurons were sensitive to the existence of a discontinuity in speed, that is, they showed higher responses when relative motion was presented compared to homogenous field motion. Seventy percent of the neurons in our sample responded predominantly to relative rather than to absolute speed. Relative speed tuning curves were similar at different center-surround velocity combinations. These relative motion-sensitive neurons in macaque area V1 probably contribute to figure0ground segmentation and motion discontinuity detection.
Introduction
One of the fundamental abilities of biological visual systems is to obtain precise information about object motion. However, retinal image motion does not necessarily provide information about object motion in the world; typically such information depends on the interplay between differential pattern velocities, rather than on the "absolute" speed and direction of individual objects. Therefore, to detect the motion of objects in the world, the visual system must assess relative motion rather than coherent displacement of the entire visual image across the retina (which usually indicates movement of the observer's eye or head).
Besides detecting object motion, relative motion also serves many other essential functions, such as segregating figure from background (Lamme et al., 1993; Hupé et al., 1998) , providing depth information through motion parallax (Nakayama & Loomis, 1974; Rogers & Graham, 1979) , constraining the stereopsis matching problem (Bradshaw & Cumming, 1997) , recovering motionin-depth (by using interocular relative motion) (Poggio & Talbot, 1981; Regan et al., 1990) , and processing transparent motion (Snowden et al., 1991; Qian & Andersen, 1994 , 1995 Qian et al., 1994a Qian et al., , 1994b .
Although there exist numerous reports on visual sensitivity of coherent motion, far fewer studies have concentrated on relative motion processing (in cat cortex -Mandl, 1970; Hammond & MacKay, 1977 Hammond & Smith, 1982; von Grunau & Frost, 1983; Gulyas et al., 1987 Gulyas et al., , 1990 Orban et al., 1987; Kastner et al., 1999; in monkey cortex-Bridgeman, 1972; Allman et al., 1985; Born, 2000 ; in cat superior colliculus -Mandl, 1971 -Mandl, , 1985 Rizzolatti et al., 1973; Mason, 1979; in bird tectum-Frost et al., 1981; Frost & Nakayama, 1983; and in frog tectum-GrusserCornehls et al., 1963) . Most of these studies were inspired by the discovery of an antagonist surround outside the classical receptive field (CRF) and focused on the influence of relative moving direction from the surrounding moving pattern. When surrounding patterns move in the same direction as the center stimulus, the responses to the center are usually inhibited (Allman et al., 1985; Kastner et al., 1999) . These reports suggest that relative moving direction can be useful in detecting and segmenting moving objects; however, the effect of the relative speed was not addressed. Several reports (Allman et al. 1985; Gulyas et al., 1987 Gulyas et al., , 1990 Born, 2000) mentioned significant modulation of the speed in the receptive-field surround, but no consistent result has been obtained. It is still not clear whether neurons respond predominantly to absolute input speed or the differential speed between patterns.
In an effort to better understand the neural substrate of relative speed processing, we examined the response characteristics of neurons to a small target bar that moved at various speeds relative to a large background. Single-unit recordings were carried out in the primary visual cortex (area V1) of the rhesus monkey. We report here that V1 neurons are sensitive to the existence of a discontinuity in speed and that they respond predominantly to relative speed instead of absolute speed.
Methods

Animal preparation
Extracellular single-unit recordings were carried out in area V1 of two alert male macaque monkeys (D and M) using glass-coated platinum0iridium microelectrodes. All experiments and surgeries were carried out in accordance with the guidelines of Department of Comparative Medicine at MIT regarding the care and use of animals for experimental procedures. During the experiments, monkeys were seated in a primate chair positioned 57 cm from the screen with their heads restrained. The animals' eye positions were monitored by scleral search coils (Robinson, 1963) during the experiments. During the recording, the animals were trained to maintain fixation on a central 0.2-deg blue spot. The fixation window was a square with an edge length of 1.2 deg. After the visual stimulus was presented, another spot was displayed either to the left or the right. The animal was rewarded with a drop of juice when he shifted his gaze to the second spot.
Visual stimulus and single-unit recording
For the stimulus display, we used a random-dot target bar, aligned with the preferred orientation of the cell, sweeping across a cell's receptive field in the frontoparallel plane [ Fig. 1(A) ]. The bar overlapped the random-dot background, which was moving at a different speed but in the same direction as the target bar. The random dots display consisted of white dots (size equals one pixel size on screen, luminance 76 cd0m
2 ) scattered on a dark background (luminance 7.7 cd0m 2 ). Dot density was 30%. Most of the previous work on relative motion used luminance-defined bars and was concentrated on the interaction between CRF and the area surrounding the CRF. However, in the natural world, images of objects often overlap. In the vicinity of motion discontinuity, more than one moving pattern might fall into the CRF. Therefore, overlapping moving patterns, which mimic the natural images, are more appropriate in exploring the cellular mechanism involved in real-world situations. Random dots stimuli (RDS) are ideal for the purpose of this experiment because RDS eliminate the luminance cues since the averaged luminance for the target and the background can be the same. Thus in RDS, the target is specified only by the relative motion cue. According to this arrangement, when all the dots moved at the same velocity, a single background was perceived without a visible separate bar. When the area representing the bar was moved at a different velocity relative to the background, this region became clearly visible. Psychophysical studies have established that monkeys perceive this display as humans do (Cao & Schiller, 2002) .
All stimuli were generated using a personal computer (PC) and saved on disk. The RDS subtended an angle of 4.5 ϫ 4.5 deg at 0.57-m viewing distance, and consisted of single, pixel-sized dots, with each dot subtending an angle of 0.05 arc of degree and a dot density of 100 white dots0deg 2 on a dark background. The dot size and density were chosen to avoid static occlusion and deformation cues. We visually examined all of our stimuli for unintended aggregations of dots. If some salient aggregation was noted, the stimulus was generated again in such a way that the unwanted cues were removed. RDS patterns were presented by CORTEX (COmputerized Real Time Experiments, NIH) program on a 19-inch Trinitron monitor (MultiscanTC, Sony) with a refresh rate of 60 Hz. When a single unit was isolated, its receptive field was mapped out using moving solid bars of various orientations (76 cd0m 2 ) on a dark background (7.7 cd0m 2 ). Neurons obtained in one penetration were at least 200 mm apart to ensure that the same unit was not recorded twice. For all conditions, the stationary RDS were presented for 150 ms before the motion was introduced to eliminate the burst effect from the onset of RDS. After the 150 ms, the RDS target bar swept across the cell's receptive field. The center bar and the background moved with different velocities in the cell's optimal direction. The target bar was made visible only by the relative speed between the target and background. At least three combination sets of target and background speeds were used for each cell. For each combination set, the target speed was fixed and the background speed was selected as a fixed fraction or multiple (e.g. 1 4 _ , 1 2 _ , 1, 2, or 4 times) of the target speed. On each trial, the target swept over a distance of 2 deg of visual angle. Thus, the stimulation time depended on target velocity. The target speed typically ranged from 0.5 deg0s to 32 deg0s.
Data analysis
To determine the response strength to the experimental conditions presented, we calculated the mean value of the average firing rate in the response window. The onset of the stimulus evokes a burst of spikes, which typically lasts 80-120 ms and its amplitude does not vary much across stimulation conditions. A similar observation has been reported previously by Lamme et al. (1993) . If such bursts are included in the average, the mean firing rate will increase and the percentage difference between responses will decrease. Therefore, to effectively extract the difference, which conveys the information we are interested in, we shifted the response window to 150 ms after the stimulus onset (corresponding to the time window for presentation of relative motion). The onset of the movement introduces a similar but much smaller effect, as evidenced in Fig. 2(A) . We did not exclude the burst effect from onset of movement because such a burst typically overlapped with responses to the motion-defined bar.
All results were averaged over 5-10 trials. A two-way ANOVA was carried out on each neuron to compare the influence of relative motion and absolute motion. To calculate the tuning width, we first fitted the set of normalized tuning curves to piecewise linear functions, then we computed the ratio of the two speeds (higher0 lower), corresponding to the half-amplitude points on the tuning curve. (Davidson & Bender, 1991) .
Results
Data set
We obtained recordings from 20 cells of area V1. Their receptivefield locations are shown in Fig. 1(B) . All receptive fields were in the lower left visual field, and had eccentricities between 1.12 and 4.35 deg. Our sample had more orientation-selective neurons than direction-selective neurons in V1. Fifty-two percent of our sample showed a strong orientation bias and 20% were selective for direction (Hubel & Wiesel, 1968) . The velocity tuning of the cells was tested with coherent full-field motion. Most of the cells in V1 (17020, 85%) had a low-pass property with cut-off velocity ranging from 6 deg0s to 23 deg0s. The other three cells (15%) showed a band pass tuning for bands passing between 3 and 12 deg0s.
Responses to relative speed
To classify a neuron as relative motion sensitive, it had to meet the following two criteria: First, a relative motion signal had to have 
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A. Cao and P.H. Schiller a significant influence upon the cell's responses. Second, the tuning curve had to have a similar shape for different combinations of center-surround velocities, although the velocity of the target could modulate the absolute firing rate. We used ANOVA tests to see if any given cell met the first criterion. Of the 20 recorded cells, 14 responded differentially to relative motion amplitude (two-way ANOVA test, P Ͻ 0.05). All 14 cells also met the second criterion (see Fig. 2 for examples). These cells were further classified into subclasses, as discussed below, according to the shape of their tuning curves. No significant modulation by relative motion was found in the remaining four cells. Hence, they were classified as insensitive to relative motion. Among the 14 relative motion sensitive cells, the tuning curve was most commonly "V" shaped (10014, 71.4%). Fig. 3(A) illustrates the population responses of all 10 cells. Tuning curves were drawn for each cell (except for one neuron, cell ID# aug22_2) at three different center velocities. The "V" shape has a minimum at zero relative motion, that is, when the center and surround moved at the same velocity. The tuning width ranged from 0.6 to 2.0 times the velocity, with an average of 1.2. Fig. 2(A) shows an example of this class of neurons, illustrating the poststimulus time histogram (PSTH) of response to different surround velocities (1, 2, 4, 8, and 16 deg0s) when center velocity was fixed at 4 deg0s. The mean responses curve at three different center velocities, 2, 4, and 8 deg0s, respectively, were plotted in Fig. 2(A) f. Individual curves were essentially identical, with an average tuning width of 0.9 times the velocity.
The tuning curves showed selectivity to relative velocity V background 0V target , instead of absolute difference of the velocity V background Ϫ V target . Fig. 3(B) redraws the tuning curves of the cell shown in Fig. 2(A) f on a scale of absolute velocity difference. It is clear that the tuning width varied substantially with different velocity combinations. Two cells in the sample (10%) showed an opposite tuning to relative motion, that is, the responses were maximized at zero relative motion. An example is shown in Fig. 2(B) . This cell's responses were inhibited when the center and background velocities were different. The firing rate dropped from 23 spike0s at zero relative motion to about 6 spike0s when relative motion was introduced. Again, the tuning curves did not change with changes in the center velocity.
Two cells preferred conditions under which the background moved faster than the target. For cell ID# sep13_04, the mean firing rate almost doubled when the background was moving faster [ Fig. 2(C) ]. No tuning width was calculated for these two cells.
Discussion
In agreement with a previous report (Allman et al., 1985) that examined motion processing in area MT, our results show that V1 neurons predominantly processes relative motion rather than absolute motion. These results support the hypothesis that area V1 acts as a contrast processor with a preference for luminance and texture contrast (Lamme et al., 2000) . Lamme et al. (1993 Lamme et al. ( , 1998 reported that, for structure from motion, persistent elevations in response were seen when stimulated with figures or edges defined by opposite moving directions. Our experiment used a different approach so that different speeds (instead of directions of movement) were presented simultaneously in the receptive field. But our results are consistent with theirs in the sense that V1 cells respond more actively when the visual stimuli are composed of contrasting elements. Since relative speed can be viewed as information about temporal contrast, our report provides evidence to support their hypothesis and to extend it into the temporal domain. The range of target velocities we used in the study is below the low-pass tuning cut-off velocity for V1 neurons, and most cells we tested did not show modulation from coherent velocity within this range. However, the firing rates increased significantly when relative speed (temporal contrast) was introduced. This observation is analogous to the discovery of receptive-field center-surround interaction for luminance inputs. Neurons in the retina and lateral geniculate nucleus (LGN) show much stronger responses to luminance discontinuity than to homogenous luminance input. The relative motion sensitivity we report is in agreement with studies of center-surround antagonism, showing that maximum inhibition is commonly observed when center and surround have similar image patterns.
It is important for the visual system to extract motion information at an early stage in the visual pathway. Most of the high-level visual analyses are cue invariant. Therefore, information about the feature comes from many different channels (i.e. luminance, color, and motion) and must be combined before reaching those highlevel units. Relative motion sensitivity provides information about motion discontinuity, which is usually evoked by a sudden relative movement in the environment and can be a sign for a potential predator or prey, or an object moving toward the viewer. The explicit detection of motion discontinuity allows for the detection and localization of object boundaries in the scene, thus enabling V1 neurons to detect important features from the background using temporal cues (motion) and to achieve cue-invariant feature extraction (Leventhal et al., 1998) .
In our moving random dots stimuli, the moving dots often overlapped with the fixation point. One may argue that the animal would have been making small involuntary eye movements, and the relative speed tuning would actually be a consequence of stabilizing the background motion on the retina. Our analysis of the animals' eye positions during the trials shows this hypothesis is unlikely. The speed used in our experiment could be as high as 16 deg0s. To stabilize a moving dot with such a high speed, the monkey's eye would drift 2 deg in one trial. Such a long drift was never observed. Instead, the eye positions were tightly controlled in the fixation window when the stimulus was presented. An example is shown in Fig. 1(C) . Furthermore, the eye positions were not different from those recorded in trials with luminance bar stimuli, as shown in Fig. 1(C) . Therefore, we believe the results we obtained reflect sensitivity to relative speed instead of a consequence of involuntary eye movements.
The fact that it is the ratio, V target 0V background , rather than the absolute difference, V target Ϫ V background , which determines neural responses suggests that relative motion sensitivity is rooted in the integration of inputs from subcortical sources. It is known that subcortical neural responses (in LGN and superior colliculus) are tuned to the log units of velocity. A simple subtraction of two subcortical inputs can achieve the velocity ratio. In subcortical areas, V-shaped tuning for relative motion was observed in the superior colliculus (Mandl, 1985; Davidson & Bender, 1992) but not in LGN (Davidson & Bender, 1992) . It is believed that relative motion sensitivity in the superior colliculus originates from cortical input. Therefore, our results suggest that relative motion selectivity originates in V1. The motion-sensitive output is then conveyed to higher cortical levels and to subcortical areas such as superior colliculus.
Besides improving the accuracy for the detection of a feature in a noisy background, relative motion information in the vicinity of these boundaries can also evoke perception of surfaces in depth Fig. 2(A) ) re-plotted against (a) relative velocity difference and (b) absolute velocity difference. Target velocity: diamond ϭ 2 deg0s; square ϭ 4 deg0s; and cross ϭ 8 deg0s. The three tuning width in (a) are 1.12, 1.13, and 1.18 times the velocity, respectively. And the three tuning widths in (b) are 1.63, 3.36, and 5.36 deg0s.
82
A. Cao and P.H. Schiller (Nakayama & Loomis, 1974; Mutch & Thompson, 1985) . Information about relative speed is essential for depth analysis utilizing motion parallax, as is disparity for stereopsis. Nakayama and Loomis (1974) hypothesized that a subclass of relative motionsensitive neurons would function as the neural substrate for motion parallax. However, in our sample, the average tuning width for relative motion was about 1.5 times the velocity, indicating that V1 neurons only register the relative motion over a small range of velocity differences. This is consistent with psychophysical observations that motion parallax evokes depth perception only when the differential motion is relatively small (Ono et al., 1986) . Since the curves are symmetric in the neurons studied, this information probably needs to be combined with other depth cues in order to code for depth. In our pilot experiments in area V2, we did not find positive evidence to support the hypothesis that relative motion neurons directly contribute to motion parallax depth processing (unpublished data). However, we did observed similar "V"-shaped tuning curves for relative speed, with a minimum at zero relative motion amplitude. We hypothesis that cells may exist in higher visual cortical areas, such as MT, which play an important role in motion processing (Albright, 1984) as well as in processing stereopsis (Mausell & van Essen, 1983; DeAngelis et al., 1998; Bradley & Andersen, 1998) . If so, relative motion-sensitive neurons in V1 and V2 may function as important preprocessors and provide input to such motion parallax neurons.
